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Abstract 
Subnanosecond time s y n c h r o n i z a t i o n  be tween two remote  
rub id ium f requency  s t a n d a r d s  i s  v e r i f i e d  by a t r a v e l i n g  
c l o c k  comparison. Using a novel ,  code i g n o r a n t  G loba l  
P o s i t i o n i n g  System (GPS) r e c e i v e r  deve loped  a t  JPL, t h e  
SERIES g e o d e t i c  b a s e l i n e  measurement system is applied t o  
e s t a b l i s h  the  o f f s e t  between the  1 Hz, outputs  of the remote 
standards. Results of the  two intercomparison experiments 
t o  date are presented as w e l l  as experimental details. 
INTRODUCTION 
T r a v e l i n g  c l o c k  i n t e r c o m p a r i s o n s  w i t h  be t te r  t h a n  a nanosecond 
agreement demonstrate t h a t  time synchronization i s  now possible us ing  
a new technique. The technique is  known as Satel l i te  Emission Range 
I n f e r r e d  E a r t h  Survey ing  (SERIES) and  was developed  a t  t h e  Je t  
P r o p u l s i o n  Labora to ry  by a group w i t h  a background i n  Very Long 
Baseline In te r fe rometry  (VLBI.) The t r a d i t i o n a l  sources for V L B I  are 
q u a s a r s ,  d i s t a n t  and d i m  a s t r o n o m i c a l  o b j e c t s .  The q u a s a r  s i g n a l  
s t r e n g t h s  are f i v e  o r  s i x  o r d e r s  of magni tude  less t h a n  t h e  GPS 
satell i te signals.  Using brighter sources permits r e l ax ing  t h e  severe 
d i s c i p l i n e  imposed on V L B I  researchers, such as long observation times 
as well as high ins t rumenta l  and frequency standard stabilities. The 
major  d e p a r t u r e  from t h e  V L B I  approach  is t he  absence  of any b i t  
stream a l i g n m e n t  o r  c o r r e l a t i o n  i n  t h e  data r e d u c t i o n  s t age .  The 
major i nhe r i t ance  f o r  SERIES from the  V L B I  t r a d i t i o n  is a n  i r reverence  
f o r  "codes"; indeed, it has been said that no one knows t h e  code being 
b r o a d c a s t  by t h e  q u a s a r s ,  b u t  t h a t  h a s  n o t  k e p t  them from b e i n g  
s ucce  ssf u l l y  used. 
The SERIES technique, then, is b u i l t  around a novel GPS receiver,  one 
t h a t  does  n o t  have  a p r e s e t  b i t  stream g e n e r a t o r  i n s i d e ;  there is 
n o t h i n g  c o r r e l a t i n g  w i t h  t he  r e c e i v e d  s i g n a l .  I n s t e a d ,  t h e  SERIES 
rece iver  co l l apses  t h e  received spread spectrum s igna l ,  e x t r a c t i n g  the 
t r a n s i t i o n s  o f  t h e  spaceborne  pseudorandom code gene ra to r .  These 
t r a n s i t i o n s  provide the  event common t o  both s t a t i o n s  f o r  the base l ine  
parameter es t imat ion ,  the primary SERIES application. 
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Note the second s ta t ion ' s  r ece ive r  output. A non-in 
wave leng ths  f i t  i n  t h e  p a t h  between t h e  sa te l l i t e  
With t h e  assumed zero d e l a y  i n  t h e  r e c e i v e r ,  t h e  s q u a r e  wave o u t p u t  
has a phase s h i f t  r e l a t i v e  t o  i t s  own s t a t i o n  clock. Each s t a t i o n ' s  
measured r e c e i v e r  phase is recorded.  During data r e d u c t i o n ,  t h e  
r e c e i v e r  phases  measured a t  t h e  same time a t  t h e  two s t a t i o n s  a r e  
differenced. This  phase d i f f e rence  is modeled as propagation delay due 
t o  t h e  p r o j e c t i o n  o f  t h e  b a s e l i n e  o n t o  t he  l i n e  of s i g h t  t o  t he  
satellite. I n  addi t ion ,  s i n c e  the two s tandards  are never synchronized 
i n  phase o r  frequency, effects of these two offsets are present  i n  the  
d i f f e r e n c e  data and must be s o l v e d  fo r  i n  t he  parameter e s t i m a t i o n .  
' It is t h e  e s t i m a t i o n  of these effects tha t  permi ts  t he  SERIES techni- 
que to  provide time synchronization. 
Each s q u a r e  ming f r o  r e c e i v e r  l o o k s  li so 
there is a n  t y  a s  t o  which e v e n t  i n  t he  are 
waves e i ther  s t a t i o n  saw. T h i s  a m b i g u i t y  can  be removed e i the r  by 
adequate prior knowledge of the  base l ine  or by a f u l l e r  t rea tment  of 
t h e  data a s  a Doppler  d i f f e r e n t i a l  p o s i t i o n i n g  problem. For t h e  
demonstration goals of the cu r ren t  SERIES taak, the  a p r io r i  base l ine  
data was provided a t  about the 100 meter level.  The Doppler approach 
is being implemented and is expected t o  remove t h i s  requirement for 
t h e  SERIES system. 
PORTABLE STATION 
Figure 2 shows the  s t a t i o n  used in t h e  SERIES system. One such s i n g l e  
man s t a t i o n  is p l a c e d  a t  each end o f  t h e  l i n e  t o  be measured. The 
camper she l l  is required fo r  shelter but  is not  very fu l l .  The whole 
system o c c u p i e s  three h a l f - e l e c t r o n i c  equipment  racks, a t o t a l  of 
a b o u t  e ighty  i n c h e s  o f  f r o n t  pane l  space. The r e c e i v e r  takes e ight  
i n c h e s ,  t h e  rest is t a k e n  up by o f f - t h e - s h e l f  items f o r  t h e  data 
system such as a n i n e  track tape deck, a computer ,  t h e  HP5370A T i m e  
I n t e r v a l  Counter  which is t h e  main measurement d e v i c e  and the  
stat  ion's r ub i  d i  um standard. 
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of bent aluminum and h a l f  inch wire mesh. 
on  a 1602. p las t i c  d r i n k i n g  cup and  t h e  
pan. 
BASELINE ESTIMATION 
Whatever d o u b t s  t h a t  may have  been raised abou t  t h e  s e r i o u s  
t h i s  e f f o r t  should be allayed by Figure 3, which d e p i c t s  how 
parameter e s t i m a t i o n  process treated the  observations. This f i g u r e  
shows t h e  p l o t  of t h e  r e s i d u a l s  t o  t h e  data t a k e n  o n  the  2 4 t h  of 
August, 1982; the o ther  experiment t o  date, on t h e  23rd of  August, had 
s imilar  r e s u l t s .  The b a s e l i n e  be ing  measured a t  t h e  time of  these 
experiments was approximately 21 k i lometers  long, a t  JPL's Goldstone 
tracking complex i n  S o u t h e r n  C a l i f o r n i a .  The computed  p h a s e  
d i f f e r e n c e  was d e r i v e d  from t h e  f i v e  parameter s o l u t i o n :  t h e  three 
dimensional vec tor  between the s t a t ions ,  the epoch o f f s e t  between the  
s t a t i o n  clocks and t h e  frequency o f f s e t  between those clocks. Plotted 
on a f u l l  scale of 4 nanoseconds are 101 res idua ls ,  which have a n  R M S  
scatter of .6 nanoseconds, typical  f o r  experiments run for t h i s  base- 
l i n e .  While t h e y  are n o t  i d e n t i f i e d  i n  t h e  f i g u r e ,  o b s e r v a t i o n s  o n  
a l l  f i v e  GPS satellites are present, normally one after the other for 
good sampling of the baseline components. This es t ima t ion  was l i m i t e d  
t o  the  two and a qua r t e r  hours t ha t  a l l  f i v e  satell i tes were i n  common 
view. 
The time a t  which the epoch o f f s e t  estimate is co r rec t  is the  start of 
t h e  o b s e r v a t i o n  run ;  t h i s  was chosen as  t h e  time t o  e x p r e s s  t h e  
intercomparison r e s u l t s  and is indicated on the r e s i d u a l  p l o t  by the 
v e r t i c a l  arrow. Also on the r e s idua l  p l o t  are two gaps, the first for 
a t r a v e l i n g  clock v i s i t  t o  s t a t i o n  A, and a g a i n ,  h a l f  a n  hour la ter ,  
fo r  a v i s i t  t o  s t a t i o n  B. 
CALIBRATIONS 
The t r a n s i t i o n s  e x t r a c t e d  by t h e  SERIES r e c e i v e r  are found i n  three 
g u i s e s  as broadcast by each GPS sa te l l i t e ,  one a t  1,023 MHz. o n  t h e  
upper  b r o a d c a s t  f r equency ,  d e s i g n a t e d  L1, and two a t  23 MHz., one  
on L I J  and a second on the lower frequency, designated 
permits a direct c a l i b r a t i o n  of the  ionospheric delay along the l i n e  
o f  s i g h t  t o  t h e  sa te l l i t e ,  much as i n  t he  s t a n d a r d  GPS ( two channe l )  
r e c e i v e r .  The SERIES system o b t a i n s  t h i s  c a l i b r a t i o n  f o r  each 
observation, removing ionospheric delay as a n  error source. 
ment of t h e  delay from the  L1 10.23 MHz. t r a n s i t i o n  t o  t 2 
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ors  a t  each s t a t i  
s t a t i o n  clock using the  same Time In te rva l  Counter as was used f o r  the 
other phase measurements. 
I n  addition, i t  was necessary t o  measure the d i f f e r e n t i a l  t o t a l  delay 
through t h e  two s t a t i o n s .  T h i s  c a l i b r a t i o n  was made on t h e  25th of  
August. Both s t a t i o n s  were l o c a t e d  a t  S t a t i o n  A and opera ted  as on 
other occasions, except that the geometry was known and the clock bias 
was e l i m i n a t e d  by o p e r a t i n g  both s t a t i o n s  from the  same frequency 
standard. The parameter estimation r e s u l t s  were used t o  derive the 
d i f f e r e n t i a l  t o t a l  sys tem delay. Again, " d i f f e r e n t i a l "  is used 
because t h e  a b s o l u t e  sys tem delay is  not  ob ta ined  but  on ly  t h e  
difference between the  two stations.  The system d i f f e r e n t i a l  as well 
as the  second day's single cycle ambiguity were appl ied  t o  obtain the  
f i n a l  SERIES value fo r  the s t a t i o n  clock offsets.  
TRAVELING CLOCK 
The independent v e r i f i c a t i o n  of t he  s t a t i o n  c l o c k  o f f s e t s  was a 
traveling clock measurement. The measurement setup is indicated i n  
F igure  4, w i t h  t h e  t r a v e l i n g  c lock  v i s i t i n g  s t a t i o n  A. The HP5370A 
Time In te rva l  Counter (TIC) measures the of fse t  between the host clock 
and the t ravel ing clock. (By way of comparison, the f igure  notes the 
use  of the  T I C  fo r  the  b a s e l i n e  e s t i m a t i o n  s e t u p ;  i n  t h i s  case, t h e  
T I C  is started on the  host clock t i ck  and stopped a t  a predetermined 
point on the receiver output waveform.) 
F igure  5 p r e s e n t s  t h e  t r a v e l i n g  c lock  data f o r  t h e  24th  of August. 
Each dot  p l o t s  t h e  average of  100 measurements of t h e  time d e l a y  
between t h e  1 Hz. ou tpu t s  of  t h e  s t a t i o n  clock and t r a v e l i n g  clock.  
Typica l  RMS d e v i a t i o n s  of each of t h e  100 measurements were a half '  
nanosecond. The l i n e s ,  here hand drawn, d e p i c t  t h e  f i t  t o  t h e  data 
taken a t  each station. A t h i r d  order polynomial was used i n  order t o  
in te rpola te  the  two s t a t i o n  clock o f f s e t s  t o  a common epoch. The RMS 
e r ro r s  t o  the fits were about a ha l f  nanosecond. The common epoch f o r  
t h i s  day's i n t e rcompar i son  w i t h  t h e  parameter est imat ion r e s u l t s  is 
indicated by the  ve r t i ca l  arrow. Note tha t  the 1300 nanosecond o f f s e t  
exceeds t h e  SERIES ambigui ty  i n t e r v a l  of 997 nanoseconds. One 
ambiguity in t e rva l  was added t o  the parameter estimate for t h i s  date. 
The sequence of data po in t s ,  a l t e r n a t i n g  between t h e  two s t a t i o n s ,  
shows there were two and a half  round t r i p s  f o r  the t ravel ing clock; 
the  same was done on the  23rd. The effort spent on the  repeated t r i p s  
gave us  confidence t h a t  there were no c lock  breaks i n  t he  t r a v e l i n g  
clook. P a i n s  were taken  i n  t h e  measurement technique  t o  i n s u r e  
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each s t a t i o n .  The 
t r a v e l i n g  clock measurement can be seen  t o  be a c c u r a t e  t o  about  0.5 
nanosecond. This is reasonable performance f o r  the HP 506 A Rubidium 
s tandard  w i t h  (del ta  f ) / f  a t  one hundred seconds of S X ~ O ’ ~ ~ ,  g iven  a 
mean of about 10 minutes between measurements: 
( 5 ~ 1 0 ’ ~ ~ )  x 10min x 60sec/min x square root(2 clocks) o 0.4~10’~seo, - 
RESULTS 
The r e s u l t s  are t ab led  i n  F igure  6. The second column c o n t a i n s  t h e  
SERIES determined o f f se t  between the  two s t a t ion  clocks a t  the  date 
and time l i s t e d  i n  t h e  first column. The  t h i r d  column c o n t a i n s  t h e  
t ravel ing clock estimate of the clock offsets, interpolated by means 
of t h e  polynomial t o  t h e  time shown i n  t h e  first column. The 
difference between the methods was .6 nanoseconds for the  first day 
and 0.6 nanoseconds fo r  the second. 
I n  summary, t h e  subnanosecond in te rcompar ison  of t h e  c lock  o f f s e t s  
shows the  SERIES technique t o  have more than j u s t  promise as an 
economical and f l e x i b l e  method for  time synchron iza t ion  w i t h  
performance that  w i l l  not degrade should the satell i te codes involved 
pass  from public access. 
The au tho r s  would l i k e  t o  acknowledge t h e  able a s s i s t a n c e  g iven  t o  
t h i s  experiment  by Earl Lobdel l ,  Sharon Schmi t t ,  Ben Johnson, Bob 
Newsted, Mark Smith,  and Jess Myers. 
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W. ALLAN, National Bureau o f  Standards 
One comment and two questions: 
not? 
I believe tha t  i s  the 5370 counter, i s  i t  
MR. L. A. BUENNAGEL, Jet  Propulsion Laboratroy 
53 or  5070, I don't know. The d i g i t  i s  a t  the wrong place. 
MR. ALLAN: 
Okay, f ine. How do you determine the ephemeris f o r  the sa te l l i t e?  What 
do you use for  the ephemeris estimation? 
MR. BUENNAGEL : 
Okay. We have two problems. F i r s t  o f  a l l  i t i s  a steered antenna, as you 
see, so we need t o  know where t o  point. For that, the Vandenberg Master 
Control Stat ion provides, on a week o r  two basis depending on when we are 
ca l l i ng  up, e t  cetera, o r b i t a l  parameters which are an almanac class mes- 
sage i n  the upload. Post facto, some two weeks o r  so a f t e r  the observa- 
t ion, we get  a tape from Anderle's group a t  the Naval Surface Weapons 
Center. I do not  know what tha t  tape is ,  and I have questions about it. 
I am afraid tha t  i t  i s  the predict ion tape sent t o  Vandenberg. The hope, 
i n  contrast, i s  t ha t  r e a l l y  is,  as advertized, the 5-minute center posi- 
t ions o f  the sa te l l i tes ,  so we use the post facto f o r  the ephemeris posi- 
t ions o f  the sa te l l i tes .  
MR. ALLAN: 
The second question is ,  how large a baseline do you th ink you can go up to? 
MR. BUENNAGEL : 
This experiment was terminated a t  the l i n e  shown here by bringing one end 
o f  the baseline back t o  JPL. That's 171 kilometers, a factor  o f  eight. 
We expect t o  be able t o  do that. Our experience has been tha t  we do bet ter  
the fur ther  out  we get. I do not want t o  advance an estimate tha t  we are 
going t o  move baselines fu r ther  out. We'll see what happens. 
DR. KELLOGG, Loc kheed 
When you t a l k  about some nanosecond precision, o r  whatever you choose t o  
c a l l  it, the dif ference between the two, you described an antenna b u i l t  
i n  not only an imprecise manner but one which gave one pause. The d is-  
tances you are measuring are from the phase center o f  an antenna t o  some 
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other source, using VLBI techniques. 
n o n - r ~ g i d  antenna reproducabl e w i t h i n  the s level con- 
verting t o  the speed of l i g h t ,  that's a pretty few centimeters? 
Is t h  r of this t r a c k i n g ~  
MR. BUENNAGEL: 
You are striking on an article of fa i th  of the VLBI community t h a t  I per- 
sonally have called in to  question. The argument goes, suppose there is 
a phase center not a t  the assumed geometric intersection of 
the solution po in t .  
the basis of symmetry, you would not be sampling t h a t  component because i t  
is  normal t o  the incident ray wavefront. 
tenna, i t  i s  indistinguishable from a clock term, which then i n  turn is 
lumped in to  the final step, namely the differential total  station delay 
cal i bration required. 
If i t  is off-axis, which would be argue 
If i t  i s  along axis of the an- 
So you have ferreted out  a nice matter. I have given the doctrine, 
the dogma, on how t o  deal w i t h  t ha t ,  b u t  I have my doubts, and given some 
time I want t o  investigate that.  
DR. KELLOGG: 
I'm glad you do. Thank you. 
MR. BUENNAGEL : 
A question i n  the back? 
MR. 3. M. PRZYJEMSKI , Draper Laboratories 
Have you a t  any time measured any of these baselines using,  perhaps, a 
surveying technique? 
MR. BUENNAGEL: 
Yes. We have measured baselines of zero meters out to two meters, 150 
meters, and now this one, which are i n  fact known t o  three more places than 
I p u t  on the graph. 
MR. PRZYJEMSKI: 
So t ha t  would be a t h i r d  means of supporting these time transfer results 
t h a t  you have. 
MR. BUENNAGEL: 
The result of the comparison on this longest baseline i s  i n  agreement w i t h  
the hybrid of the National Geodetic Survey answer and a VLBI measurement 
along the baseline of 2.2 centimeters length a t  the current time, bu t  
t h a t  really is a result t h a t  has t o  be described elsewhere, under other 
circumstances . 
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MR, PRZYJEMSKI: 
I see. Another comment i s ,  you mentioned that the f u r t h  
the better you feel the results m i g h t  be. 
MR. BUENNAGEL: 
NO, just  the better they appear t o  be. 
MR. PRZYJEMSKI : 
They appear to be. Would you feel that  your abil i ty to  measure or compen- 
sate for  differential ionospheric delays might cause you to have a greater 
error w i t h  increasing baseline length. 
MR. BUENNAGEL: 
In fact, none of the solutions t o  date have used the ionosphere calibration 
delay information. This six-tenths of a nanosecond agreement that we have 
here doesn't use that information. Moreover, i t  doesn't use any kind  of 
atmosphere correction. A t  Goldstone that may not be so terrible,  because 
i t  is  very dry,  i t s  level, the winds are s t i l l .  
more we push this, the more we are going to have t o  use other forms of 
data. 
I t  is obvious that  the 
MR. PRZYJEMSKI : 
Did you use LlN02? 
MR. BUENNAGEL : 
We do routinely record that. 
fact  we don't use i t  i n  any of that. 
I t  was touted as our first product b u t  i n  
MR. PRZYJEMSKI : 
Certainly that  would give you a good result  if  the baseline was short, 
where the differential on the ionosphere may have a small or negligible 
effect on the result. 
MR. BUENNAGEL: 
We are a l i t t l e  b i t  pessimistic r i g h t  now because the noise on the iono- 
sphere delay i s  worse than the gain you get back p u t t i n g  i n  the correc- 
tions. 
MR. PRZYJEMSKI: 
I see. Thank you very much. 
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What technique d you use t o  ex h o u t  knowing 
code? 
MR. BUENNAGEL: 
I t  i s  described as a power divide, shift, and multiply technique. I t  is  
documented i n  a patent application on f i l e  under the name of P 
the person who developed this technique. 
not  go in to  the details of that. 
cation t h a t  has been documented. 
I am not a radio person. I can- 
I believe t h a t  you can f i n d  this appli- 
I would enjoy a question from Dr. Alley, my former employer. 
PROFESSOR ALLEY, University of Mary1 and 
Thank you. 
traveling clock, A l .  
transit? 
I am a l i t t l e  surprised you have such good agreement on this 
Did you take precautions to  protect i t  during this 
MR. BUENNAGEL: 
I have been alerted t o  expect challenge on that side. I am hid ing  behind 
the word "agreement" here. 
here, namely, more t h a n  one round trip and more t h a n  one day, as I have 
noted. I doubt  that there was any protection a t  a l l .  I t  was placed gently 
i n  a car and driven b u t  beyond tha t ,  I d i d  not make the trip myself so I do 
not know what the protection was. 
You will tiotice t h a t  there was some r igor  used 
PROFESSOR ALLEY: 
I see. Thank  you. 
MR. BUENNAGEL: 
Dr . Wi n k l  er? 
DR. W I N KL E R : 
Two th ings :  The principle of collapsing a pseudo random noise code con- 
sists i n  compensating for the phase modulation. In case of simple + 180 
degree phase modulation, a t  whatever rate and i n  whatever pseudo raKdom 
sequence, i f  you multiply your I.F. frequency by two, the result will a l -  
ways be zero phase angle, whether i t  is 180 o r  zero, and exactly the same 
t h i n g  can be done w i t h  whatever phase modulation you have, just that i t  
has t o  be more complicated. 
t o  track the pseudo random noise w i t h  VLF receivers. 
T h i s  i n  fact is the technique which is used 
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B u t  I have another question: 
the code b u t  you do need the ephermeris, and of course i n  the moment the 
code is  withdrawn I doubt  that you will have the ephermeris without being 
authorized. 
You have emphasized that you d o n ' t  need 
MR. BUENNAGEL: 
T h a t ,  I t h i n k ,  will be a politcal question, and the answer thus far  has 
been t h a t  because we are a nontactical user, t h a t  we may have the solution 
af ter  the fact ,  two weeks, e t  cetera. Again, i n  a tactical or a real time 
p o i n t  o f  view, t h a t  i s  terrible,  b u t  relative to  the VLBI experiment t h a t  
runs for days i tself  before the data is  gathered, l e t  alone the solution, 
2 weeks i s  wonderful. 
MR. L. J.  RUEGER, JHU/APL 
I was wondering i f  you could support  the independent phase stabil i t y  of 
these rubidium standards t o  t h a t  qual i ty  actually as independent time 
pieces, because half a nanosecond over t h a t  length of time is really quite 
remarkable. B 
MR. BUENNAGEL: 
Again, I am h id ing  behind the word "agreement". 
mented properties, e t  cetera, b u t  I t h i n k  we have something. 
I am familiar w i t h  docu- 
DR. VIG: 
Thank you for a most interesting paper, as evidenced by the number o f  
questions. 
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